Type B strains of Rhizobium tropici induce severe foliar chlorosis when applied at planting to seeds of symbiotic host and non-host dicotyledonous plants. A Tn5-induced mutant, designated 04812, of R. tropici strain CIAT899 that was unable to induce chlorosis was isolated. Cloning and sequencing of the DNA flanking the transposon in CT4812 revealed that the T n 5 insertion is located in a gene similar to glnD, which encodes uridylyltransferase/uridylyl-removing enzyme in enteric bacteria. Two marker-exchange mutants with insertions in glnD also failed to induce chlorosis in bean (Phaseolus vulgaris) plants. The 5'-most insertion in glnD (in mutant strain ME330) abolished the ability of R. tropici to utilize nitrate as a sole carbon source, whereas a mutation in glnD further downstream (in mutant strain ME245) did not have an obvious effect on nitrate utilization. A gene similar to the Salmonella typhimurium virulence gene mviN overlaps the 3' end of the R. tropici glnD homologue. A mutation in mviN had no effect on the ability of CIAT899 to induce chlorosis in bean plants. Therefore the glnD homologue, but not mviN, appears to be required for induction of chlorosis in plants by R. tropici strain CIAT899. A high nitrogen:carbon ratio in the rhizosphere of bean plants also prevented R. tropici from inducing chlorosis in bean plants. Mutations in either the glnD homologue or mviN had no significant effect on root nodule formation or acetylene reduction activity. A mutation in mviN eliminated motility in R. tropici. The sequence data, the inability of the glnD mutant to utilize nitrate, and the role of the R. tropici g h D gene in chlorosis induction in plants, a process that is nitrogen regulated, suggest that glnD plays a role in nitrogen sensing in R. tropici as its homologues do in other organisms.
INTRODUCTION
. Strains of R. tropici have been divided into two groups, A and B, based on multilocus enzyme electroRhisobium tropici induces the formation of nitrogenphoresis, DNA-DNA hybridization, 16s rRNA gene fixing nodules on the roots of plants belonging to several sequences, plasmid profiles and an analysis of phenogenera of tropical legumes, including Phaseolus, types (Geniaux et al., 1995 ; Martinez-Romero et al., Leucaena and Macroptilium (Martinez-Romero et al., 1991) . CIAT899 (the type strain of R. tropici) can form colonies on acidic solid medium (pH 4.3, tolerates 50p.p.m. M n and 6p.p.m. A1 at pH4.7, and can nodulate phaseolus vulgaris (common bean) in acidic soil (as low as p H 3.8) (Graham et al., 1982) . CIAT899 , 1990; O'Connell & Handelsman, 1993) . CIAT899 also induces chlorosis in other host legumes a n d nonhost dicotyledonous plants (O'Connell & Handelsman, 1993) . T h e induction of chlorosis depends o n the availability of a carbon source in the rhizosphere, the presence of which does n o t affect bacterial growth (O'Connell & Handelsman, 1993) . Symptoms t h a t accompany foliar chlorosis often include stunting a n d loss of apical dominance (O'Connell & Handelsman, 1993) ; superficially, the chlorosis induced by CIAT899 resembles iron deficiency in Phaseolus beans (Schwartz, 1991) .
T h e d a t a w e presented previously (O'Connell et al., 1990; O'Connell & Handelsman, 1993) are consistent with the hypothesis t h a t R. tropici type B strains produce a chlorosis-inducing factor or toxin; however, w e did n o t detect chlorosis-inducing activity in culture filtrates in several experiments (K. P. O'Connell & J. Handelsman, unpublished data) . W e therefore used a genetic approach t o understand the mechanism of chlorosis induction in plants by R. tropici strain CIAT899. H e r e w e report t h a t a transposon insertion in a homologue of glnD, which encodes a nitrogen sensor in enteric a n d other bacteria (Kennedy et al., 1994; Merrick & Edwards, 1995) , eliminates the ability of CIAT899 t o induce chlorosis in plants. We also demonstrate t h a t a high carbon : nitrogen ratio in the rhizosphere is required for the development of symptoms in plants inoculated with chlorosis-inducing R. tropici. T h i s finding suggests a role for the glnD homologue in the regulation of chlorosis-inducing ability in response to environmental nitrogen levels.
METHODS
Strains, plasmids and bacterial growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . All bacteria listed except Escherichia coli were grown to saturation (3-4 d) in yeast extract/mannitol (YM) broth (Wacek & Brill, 1976) at 28 "C on a rotary shaker. Cultures were maintained on YM, tryptone/yeast extract (TY) (Beringer, 1974) or minimal (BSM) medium (Bergersen, 1961) containing 15 g agar I-' , or frozen to -80 "C in YM or Luria broth (LB) (Sambrook et al., 1989) containing 10 dimethyl sulfoxide. Cultures of E. coli were grown in LB at 37 "C and maintained on solid LB containing 15 g agar 1-' . Antibiotics (Sigma) for Rhizobium were added to solid media at the following concentrations : spectinomycin (Sp) 200 pg ml-', kanamycin (Km) 200 pg ml-', streptomycin (Sm) 200 pg ml-', tetracycline (Tc) 10 pg ml-', gentamicin (Gm) 15 pg ml-'. Antibiotics for E. coli were added to solid media at the following concentrations : ampicillin (Ap) 100 pg ml-', chloramphenicol (Cm) 10 pg ml-', kanamycin 50 pg ml-', nalidixic acid (Nal) 10 pg ml-', tetracycline 10 pg m1-l.
Plant growth conditions. Bean seeds were surface-disinfected and planted in large test tubes containing sterile sand and vermiculite as described previously (Araujo et al., 1986; Beattie et al., 1989) . Seeds of common bean (Phaseolus vulgaris L.) cultivar WBR22-34 (Bliss et al., 1989) O'Connell et al., 1990) were mutagenized using Tn5-carrying plasmid pGS9. Km' isolates of CT8014 and CT8032 occurred at a frequency of 3 x per recipient. Mutagenized Km' isolates (a total of 1880) were screened individually for loss of the ability to induce foliar chlorosis in P. vulgaris. One bean seed was inoculated with 1 ml of a saturated YM culture of a Km' isolate (approx. 108-109 bacteria ml-') at planting. Three to four weeks after planting and inoculation, the first trifoliate leaves were examined for the presence (and severity) or absence of chlorosis. The severity of chlorosis in bean leaves was rated as pictured previously (O'Connell et a/., 1990) , on a scale of 1 (green leaves, no chlorosis) to 5 (nearly white leaves, severe chlorosis). Approximately 10 '/O of the Km' isolates failed to induce chlorosis in this first screen. Subsequent retesting confirmed that one mutant of strain CT8014, designated strain CT4812, was repeatably unable to induce chlorosis.
In later experiments, strains of R. tropici were grown in YM broth plus Km and resuspended at a concentration of approximately lo7 c.f.u. ml-' in a sterile solution of 137 mM (25 g 1-' ) mannitol (Sigma), or in a solution of mannitol plus a nitrogen source, as described in Results, and then tested as described above. Chlorosis-inducing strains of R. tropici resuspended in 137 mM mannitol produce more consistent and severe chlorosis than the same bacteria inoculated directly from YM broth cultures, presumably because the carbon source is more abundant (O'Connell & Handelsman, 1993) .
Isolation of cosmids that restore chlorosis-inducing ability to 04812. A gene library of CIAT899 (Milner et al., 1992) was mobilized into CT4812 by triparental mating (Ditta et al., 1980) and screened for cosmids that restored chlorosisinducing ability to CT4812. Chlorosis can be induced by as few as 4 x lo3 chlorosis-inducing bacteria in the presence of 9 x lo8 non-inducers (K. P. O'Connell & J. Handelsman, unpublished data). Batches of 50 cosmid-containing isolates were applied to two bean seeds at planting and the plants were examined after 3 weeks for the onset of chlorosis. Individuals in those batches that induced chlorosis were then screened separately to determine which clones contained CIAT899 DNA that restored the ability to induce chlorosis. Two cosmids with identical restriction patterns, p JM528 and pJM529, restored the ability of CT4812 to induce chlorosis. A 10 kb Hind111 fragment from pJM528 was subcloned into the vector pLAFR3, resulting in plasmid pKO1.
Plasmid mutagenesis. Plasmid pKOl was mutagenized by the method of Bonas et al. (1989) using the transposon Tn3-HoKmGus, which contains a promoterless uidA gene and creates transcriptional fusions when inserted downstream of active promoters. 8-Glucuronidase (GUS) activity was measured by monitoring the cleavage of 4-methylumbelliferyl-j3-~-glucuronide (Sigma) to 4-methylumbelliferone by the method of Jefferson (1987) , using a Hoefer TKlOO fluorometer (Hoefer Scientific Instruments). GUS activity in bacteria grown on solid media was observed by including 5-bromo-4-chloro-3-indolyl 8-D-glucuronide (X-gluc) (Clontech) at a concentration of 50 pg ml-'.
Construction of marker-exchange mutants. The Tn5 insertion mutation and flanking DNA in CT4812 was cloned and recombined into the genome of CIAT899 by marker exchange. Fragments (7-8 kb) of EcoRI-digested genomic DNA from CT4812 were ligated into the unique EcoRI site of the suicide vector pSUP202 and transformed into E. coli strain DHSa. The resulting plasmid (Km') was designated pK04812. Plasmid pK04812 was mobilized into CIAT899 from E. coli by triparental mating. Sp' and Km' transconjugants were then screened for the loss of Tc'. The resulting mutant was designated ME245.
The Tn3-HoKmGus insertion was cloned from pK0370 and introduced into the genome of CIAT899 by marker exchange. An 11 kb NsiI fragment of pK0370 was cloned into the PstI site of the vector pJQ200 (Quandt & Hynes, 1993) . The resulting plasmid was mobilized from E. coli strain DH5a by triparental mating into R. tropici CIAT899, selecting for resistance to Sp, Km and Gm, resulting in single recombinations between the cloned DNA and the CIAT899 genome. Double recombinants were isolated by culturing the transconjugants in YM broth containing Sp and Km, and screening for resistance to sucrose (5%) and loss of Gm'. The Tn3-HoKmGus insertion in pK0330 was similarly cloned and introduced into the CIAT899 genome, resulting in strain ME330. Marker exchange in all mutants was verified by Southern blot analysis.
Molecular methods. DNA isolation, subcloning, restriction digests and agarose gel electrophoresis were performed by standard methods (Ausubel et al., 1987; Sambrook et al., 1989) . Southern blot experiments were performed using the Genius labelling kit (Boehringer Mannheim) and Magnagraph membranes (Micron Separations) according to the manufacturers' instructions. Plasmids were prepared from E. coli strain DH5a using either the Wizard Miniprep Kit (Promega) or Qiagen columns (Qiagen). DNA sequence was obtained using pKOl and two subclones, pGCHLl.8-2 and pGCHL3.0, as template. Sequencing reactions were performed with PRISM Ready Reaction DyeDeoxy Terminator Cycle Sequencing kits (Applied Biosystems), according to the manufacturer's instructions. Sequencing reaction products were analysed on an Applied Biosystems model 373 sequencer at the
University of Wisconsin Biotechnology Center (UWBC) .
Sequencing primers were obtained from the UWBC. Sequence data were assembled and analysed using the Genetics Computer Group (Devereux et al., 1984) and DNASTAR sequence analysis packages.
RESULTS

Isolation of a R. tropici mutant that does not induce chlorosis in plants
To understand the mechanism by which type B strains of R. tropici induce chlorosis in dicotyledonous plants, we sought to isolate and identify genes required for this activity. EPS-deficient strains CT8014 and CT8032 were mutagenized with transposon Tn5 and screened for mutants that did not induce chlorosis in P. vulgaris leaves. Strains CT8014 and CT8032 are deficient in exopolysaccharide (EPS) production, but induce nitrogen-fixing nodules and retain the ability to induce severe chlorosis in bean plants (O'Connell et al., 1990) .
At the time this work was initiated, it appeared that a deficiency in EPS synthesis was necessary for chlorosis induction. We observed later (O'Connell & Handels- Table 2 . Chlorosis induced by Rhizobium tropici CIAT899 a nd mar ke r-exc ha ng e mu t a n t s man, 1993) that wild-type strain CIAT899 induces severe chlorosis in dicotyledonous plants when inoculated onto seeds at planting in the presence of a carbon source. This is also the reason that EPS-deficient strain CT9OO5 was used in the rhizosphere nitrogen experiments described below.
The severity of chlorosis in bean leaves was rated on a scale of 1 (green leaves, no chlorosis) to 5 (nearly white leaves, severe chlorosis) (O'Connell et al., 1990) . Out of 1880 mutants screened, one designated CT4812 lacked the ability to induce chlorosis. In an early experiment, CT4812 induced no chlorosis in bean plants (mean chlorosis rating of 1.0 _+ O*O), versus a mean chlorosis rating 3.0 & 0-4 for plants inoculated with CT8014 in a typical experiment ( n = 10 plants, P < 0-05 by Tukey's Studentized range test, HSD = 1.92). Strains CT4812 and CT8014 are isogenic apart from the presence of the transposon in strain CT4812. We verified that the Tn5 insertion mutation in CT4812 was responsible for the loss of chlorosis-inducing ability by cloning the transposon and introducing it into CIAT899 by marker exchange. The resulting marker-exchange mutant, ME245, also lacked the ability to induce chlorosis in bean plants (Table 2) .
A second, independent mutation was created by marker exchange in the glnD locus of CIAT899, using the Tn3-HoKmGus insert in pK0330 (Fig. 1) as described in Methods. The resulting mutant, ME330, also failed to induce chlorosis in plants ( Table 2 ).
Isolation of cosmids that restore chlorosis-inducing ability to CT4812
A cosmid library of CIAT899 was screened in batches of 50 for cosmids that restored the chlorosis-inducing ability of CT4812. One transconjugant from each of two batches induced chlorosis. These isolates contained cosmids, p JM528 and p JM529, which had identical determinants required for chlorosis induction, or all of restriction patterns. Plants inoculated with CT4812-the components are present on pJM528 but are not all (pJM528) were severely chlorotic (mean rating of expressed in the heterologous bacteria under the con-4.0f0.5, n = 10). Cosmid pJM528 was chosen for ditions tested. subsequent analysis.
DNA hybridization analysis of CT4812 genomic DNA using labelled pJM528 as the probe revealed that the Tn5 mutation in CT4812 was located in a 10 kb HindIII fragment. A 10 kb HindIII fragment from pJM528 was subcloned in pLAFR3 to produce plasmid pKO1, which also restored the ability of CT4812 to induce chlorosis (Fig. la) . Further subcloning yielded plasmids pK07.3, which restored chlorosis induction in strain CT48 12, and pK02.85, which did not restore chlorosis induction in CT4812 (Fig. la) .
Cosmid pJM528 did not confer the ability to induce chlorosis in bean plants on wild-type strains of other We isolated total genomic DNA from three A. tumefaciens strains : GM19023, GMI9023 (pCIAT899a,b) (carrying both R. tropici megaplasmids; Brom et al., 1988) and GMI9023(pCIAT899b). Genomic DNA from these three strains was probed with the 10 kb insert from pKO1. The 10 kb insert did not hybridize either to GMI9023 genomic DNA, or to DNA from GMI9023 carrying the R. tropici megaplasmids (K. P. O'Connell & J. Handelsman, unpublished data). This result suggests that the TnS insertion in CT4812 resided on the chromosome, since other plasmids were not detected in CIAT899 (Brom et al., 1988) The TnS and flanking DNA were cloned from mutant CT4812. Sequencing of the cloned DNA flanking the TnS insertion in CT4812 revealed that the mutation was located in an ORF that encodes a predicted polypeptide similar to GlnD, the uridylyltransferase/uridylyl-removing enzyme (UTase/UR protein) of the nitrogen regulatory cascade in enteric bacteria (van Heeswijk et al., 1993) , and to NfrX, a nitrogen-fixation regulatory protein of Axotobacter vinelandii (Contreras et al., 1991) . The glnD homologue in CIAT899 encodes a predicted polypeptide of 971 amino acids, with a molecular mass of 109 149 Da and an isoelectric point of 7.3. The predicted polypeptide is 32% identical and 56% similar to the GlnD protein of E. coli, and 34% identical and 56% similar to the regulatory protein NfrX of A. vinelandii (Fig. 2) . All three proteins contain the conserved nucleotidyltransferase-superfamily motif characteristic of uridylyltransferases (Holm & Sander, 1995) . Unlike enteric bacteria containing mutant glnD alleles (Bloom et al., 1978; Foor et al., 1978) , CT4812 and ME245 did not display a requirement for glutamine and were able to use nitrate, histidine and arginine as sole nitrogen sources in modified BSM medium (data not shown). However, marker-exchange mutant ME330 was unable to utilize nitrate as a sole nitrogen source on solid minimal medium, and grew poorly on arginine as a nitrogen source. Because the mutation in ME330 is closer to the 5' end of the glnD ORF, it is possible that the insertions in strains CT4812 and ME245 allow the production of a truncated protein product sufficient to allow nitrate utilization, but not chlorosis induction. The insertion in glnD in strains CT4812, ME245 and ME330 did not affect the ability to induce pink nodules on the roots of Phaseolus beans. Unlike nfrX mutants of A. vinelandii, which lack nitrogenase activity, mutants CT48 12, ME245 and ME330 all had acetylene-reduction activity comparable to the wild-type strain CIAT899 after root nodules developed (data not shown). Thus, while similar in primary structure to NfrX and GlnD, a complete GlnD protein in CIAT899 was not required for nitrogen fixation in the manner of NfrX. However, our data do suggest that GlnD is required for nitrogen utilization by CIAT899.
A note on genetic nomenclature: we refer to the CIAT899 gene interrupted in strains CT4812, ME245 and ME330 as a glnD gene, based on the similarity of its sequence to the sequences of glnD genes isolated from enteric bacteria and its likely involvement in the utilization of nitrate as a nitrogen source. We acknowledge that this designation is tentative, as we have not demonstrated that the product of this gene has UTase/UR activity. In the following section, we use the designation mviN for the R. tropici gene freely, because the biochemical function of mviN and similar genes is unknown and the association of this family of genes is based solely upon sequence similarity.
An ORF overlapping glnD is similar to the virulence gene mviN
The last amino-acid-encoding codon and the stop codon of glnD overlap the start codon of a second ORF that encodes a protein similar to MviN, a mouse virulence determinant in Salmonella typhimurium (Carsiotis et al., 1989) . The mviN homologue of CIAT899 encodes a predicted polypeptide of 533 amino acids with a molecular mass of 57507 Da and an isoelectric point of 9.8. The predicted protein is 34% identical and 60% similar to MviN of S. typhimurium. Just 3' to the stop codon of mviN is a Wbase inverted repeat that may serve as a transcriptional terminator. Genes similar to mviN also occur in several other bacteria (E. coli, GenBank accession number U00096 ; Haemophilus influenxae, GenBank accession number U32777 ; Chlamydia trachornatis, GenBank accession number U50732 ; Mycobacterium tuberculosis, GenBank accession number 294121 ; Synechocystis sp. PCC6803, GenBank accession number D64001). Whilst CIAT899 is not known to be a mouse pathogen, we provisionally designate this R. tropici gene mviN until the biochemical function of this group of proteins is understood. Downstream of mviN we sequenced the 5' end of a third ORF (ORF3) that encodes a predicted protein of unknown function, similar to a hypothetical protein in Shewanella putrefaciens (GenBank accession number L04283).
A mutation in mviN has no effect on chlorosis induction in plants
The overlap of the stop codon of glnD and the start codon of mviN suggested that these two genes may be co-transcribed and that their translation may be coupled. It was therefore possible that the Tn5 insertion in CT4812 and ME245 could prevent the expression of mviN and that the lack of expression of mviN was responsible for the loss of ability to induce chlorosis in plants. T o determine whether an insertion mutation in mviN prevents CIAT899 from inducing chlorosis in plants, we isolated several Tn3-HoKmGus insertions in the plasmid pKO1, some of which were located in mviN (Fig. lb) . We chose the insertion in pK0370 (Fig. Ib) to recombine into the chromosomal mviN in CIAT899 by marker exchange. The resulting mutant, ME370, induced chlorosis in bean plants indistinguishable from that induced by CIAT899 (Table 2) . Therefore, unlike a mutation in glnD, a mutation in mviN did not prevent chlorosis induction by CIAT899 in bean plants, suggesting that the glnD gene product, but not MviN, is required to induce chlorosis in plants. On Phaseolus beans, mutant strain ME370 induced pink nodules indistinguishable from those induced by wildtype bacteria and plants nodulated with strain ME370 had acetylene-reduction activity comparable to plants nodulated by wild-type strain CIAT899 (data not shown), suggesting that MviN is not required for nodulation or nitrogen fixation.
A mutation in mviN eliminates motility in R. tropici mviN appears to be required for motility in R. tropici. In two independent experiments, strains CIAT899, CT4812, ME245 and ME370 were tested for motility by typhimurium is unclear. Mutants of S. typhimurium deleted for mviN (then called mviS) also had deletions in nearby motility genes (Carsiotis et al., 1989) . T o the best of our knowledge, there are no insertion, point, or deletion mutants of S. typhimurium that lack only a functional mviN gene.
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Expression of genes carried on plasmid pKOl
While the mutational studies suggested that an intact glnD gene is required by CIAT899 for the ability to induce chlorosis in plants, we could not detect the expression of reporter genes transcriptionally fused to either glnD or mviN. Plasmids derived from pKO1 by mutagenesis with Tn3-HoKmGus (Fig. 1 b) contained putative transcriptional fusions of p-glucuronidase to genes encoded on pKO1. Strain CT4812 carrying pKOl with insertions in glnD (pK0316) or mviN (pK0370) that placed uidA under the control of a putative glnD/mviN promoter did not produce blue colonies on solid BSM medium containing X-gluc (data not shown).
Strain ME370 (containing a uidA reporter in muiN located in the chromosome) also did not have detectable P-glucuronidase activity when grown on solid TY medium, or solid BSM minimal medium (10 g mannitol 1-l) using proline, histidine, nitrate, or arginine (1 g 1-' )
as sole nitrogen sources (data not shown). Therefore neither mviN nor glnD was detectably expressed in minimal BSM, a medium that supports induction of chlorosis (O'Connell & Handelsman, 1993 ). Therefore, either the level of expression of this gene in culture was below the limit of our detection, or some condition in the rhizosphere of chlorosis-susceptible plants stimulates the expression of glnD, and this condition was not present in our cultures.
We also examined the expression of several uidA fusions in pKOl in CT4812 grown on TY medium (Fig. l b ) and observed results similar to those obtained using BSM. In a quantitative assay, CT4812 carrying pK0345, pK0316, or pK0370 also did not display detectable pglucuronidase activity (data not shown). CT4812 carrying pK0302, with an insertion downstream of mviN in the region of the Shewanella gene sequence, produced dark-blue colonies on solid TY and BSM containing Xgluc (Fig. l b ; data not shown), suggesting that this gene is expressed in cells of CT4812 grown in TY or BSM medium.
None of the insertions in pKOl eliminated the ability to restore chlorosis induction to CT4812 in repeated experiments, even though several of the transposon insertions mapped to glnD (Fig. lb) . Since mutants CT4812 and ME245 (containing mutations in the genomic glnD gene) do not induce chlorosis, the ability of plasmids carrying mutations in glnD to restore chlorosis induction suggests that a wild-type copy of glnD may have been reconstructed by recombination, since the strains are Rec'. Only a small minority of individuals in the rhizosphere population need to have experienced a marker rescue to see chlorosis in the host plant, because as few as 4 x lo3 chlorosis-inducing bacteria cause symptoms in the presence of 9 x 10' non- Nitrogen (NH,N03 or sodium glutamate) prevented chlorosis development completely when added with mannitol and bacteria at planting (Table 3) . We tested the effect of several ratios of mannitol and nitrogen on the ability of CT9OO5 to induce chlorosis and found that increasing amounts of nitrogen decreased the severity of chlorosis induction. In a separate experiment, plants 
DISCUSSION
The goal of this study was to determine the basis for chlorosis induction in bean plants caused by R. tropici type B strains. We were unable to isolate a cell-free fraction of R. tropici cultures with chlorosis-inducing activity (K. P. O'Connell & J. Handelsman, unpublished data) and therefore used a genetic approach to dissect the phenomenon. We demonstrate here that a mutation in a homologue of the regulatory gene glnD prevents R. tropici from inducing chlorosis in plants.
The apparent lack of expression of this gene in culture media (including BSM minimal medium, which supports the chlorosis-inducing activity of the wild-type strain) provides an explanation for the absence of chlorosisinducing activity in culture filtrates of R. tropici and suggests that identifying a culture condition that facilitates the expression of glnD may in turn lead to the production of a chlorosis-inducing activity that can be isolated from culture filtrates and identified. The apparent lack of expression of glnD provides, in addition to the nutritional phenotypes of glnD mutants described above, another contrast with the glnD gene of E. coli, which is expressed constitutively (van Heeswijk et al., 1993) . If the glnD gene of R. tropici requires some condition or compound, or the lack thereof, in the plant rhizosphere for its expression, the inducing compound or condition must be widespread among dicoty- However, we cannot formally eliminate the possibility that this protein is involved directly in the biosynthesis of a chlorosis-inducing factor, the synthesis of which is regulated by the environmental nitrogen : carbon ratio in an unknown manner.
Graf & Ruby (1996) reported that Vibrio fischeri requires an intact homologue of glnD in the colonization of the light-producing organ of the squid Euprymna scolopes. A glnD mutant of V . fischeri was isolated that is deficient in growth on a variety of nitrogen sources, deficient in siderophore production and does not maintain a symbiosis with the squid after the initial colonization. The involvement of glnD in the production of the siderophore suggests a novel interaction in the regulation of genes that respond to environmental iron and genes of the nitrogen regulon. It is intriguing that the only compound other than nitrogen that significantly reduced the severity of chlorosis in plants contained iron, suggesting that a similar interaction between iron and nitrogen metabolism may occur in R. tropici.
However, this result must be interpreted with caution, since high concentrations of iron (millimolar) were required to reduce the severity of chlorosis. The slight reduction in the severity of chlorosis caused by 11 m M NaFeEDTA might also have been caused by the EDTA portion of the molecule, a possibility we have not yet fully tested. et al., 1989) . muiN has no obvious function in R. tropici; however, its proximity to glnD suggests that the two genes are co-transcribed and translationally coupled. The genomic environment for the glnD gene of R. tropici is unlike that of glnD in E. coli, where glnD is flanked by the map and dap loci (van Heeswijk et al., 1992) . The nitrogen regulons of rhizobia and their role in symbiotic nitrogen fixation are not well characterized (Kennedy et al., 1994) , relative to our understanding of nitrogen sensing in enteric bacteria (Merrick & Edwards, 1995) . No other homologues of glnD have been reported from the rhizobia, although UTase/UR enzyme activities that respond to changing nitrogen levels have been observed in Rhizobium leguminosarum (Colanna-Romano et al., 1993) . The PI1 protein from Rhizobium meliloti (Arcondeguy et al., 1997) has the conserved Tyr.5 1 residue which receives the uridylyl group and can be uridylylated by E. coli, implying the presence of UTase/UR enzyme in R. meliloti. Whilst the inhibitory effects of nitrogen fertilizers on nodulation and nitrogen fixation by rhizobia are well known (Streeter, 1988) , the genetics of nitrogen sensing, uptake and utilization in these important bacteria and the molecular interactions between nitrogen metabolism and symbiosis are only beginning to be understood.
Further studies of the function of the glnD homologue from R. tropici and other rhizobia will contribute to understanding these processes.
